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The undifferentiated vertebrate limb bud is a self- 
organizing system. If transplanted to a favorable ectopic 
location, the limb bud is capable of developing into a mor- 
phologically normal limb (Harrison, 1918), and the ante- 
rior-posterior polarity of the transplanted limb is deter- 
mined by the graft rather than the host environment. Great 
progress has recently been made in understanding the 
molecular steps by which pattern emerges within an undif- 
ferentiated limb bud (for recent reviews see Johnson et 
al., 1994; Tickle and Eichele, 1994). But what first initiates 
the formation of the limb bud? And what molecular steps 
provide the information necessary for polarized self- 
organization? Two recent papers (Charit~ et al., 1994; 
Cohn et al., 1995 [this issue of Cell]) give important clues 
that go a long way toward answering these questions. 
The Problem of Limb Bud Initiation 
Limb bud formation is initiated in the embryo bythe contin- 
ued local proliferation of cells of the lateral plate mesoderm 
at the appropriate axial evels at a time of cessation of rapid 
growth of cells of the rest of the flank. These proliferating 
mesenchymal cells form a bulge under the ectoderm. As 
will be discussed below, there a~e extensive interactions 
between these mesenchymal cells and the overlying ecto- 
derm during limb bud growth. However, at least in amphib- 
ian embryos, at this early stage it is the mesodermal cells 
that provide the signals to initiate the process of limb devel- 
opment. For example, grafting the presumptive limb mes- 
enchyme to an ectopic location results in the formation of 
a new limb, while moving the presumptive limb ectoderm 
has no such effect (Harrison, 1918). 
Signals within the mesoderm thus produce a rapidly pro- 
liferating population of mesenchymal cells. Their contin- 
ued proliferation, however, depends on interaction with 
the overlying ectoderm. In avian and mammalian limb 
buds, the rapidly dividing mesodermal cells induce the 
ectodermal cells along the anterior to posterior rim of the 
bud to elongate and form a specialized structure called 
the apical ectodermal ridge (AER). Once the AER has 
formed, it is responsible for maintaining the continued out- 
growth of the limb bud (Saunders, 1972) and for elaborat- 
ing pattern along the proximal-distal xis (Summerbell et 
al., 1973). These AER activities can be functionally re- 
placed by ectopic application of members of the fibroblast 
growth factor (FGF) family (Niswander et al., 1993; Fallon 
et al., 1994). Several FGF family members are expressed 
in the AER, including FGF4, which has a posterior bias 
within the limb bud (Suzuki et al., 1992; Niswander and 
Martin, 1992). Thus, it seems likely that one or more of 
these factors are responsible for keeping the mesenchy- 
mal cells adjacent to the AER (a region referred to as the 
progress zone) in an undifferentiated, rapidly proliferating 
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state, while more proximal cells begin to differentiate 
(Summerbell et al., 1973). 
In addition to initiating limb outgrowth, the presumptive 
limb mesoderm carries essential information for establish- 
ing anterior-posterior polarity of the limb. When presump- 
tive limb mesenchyme is transplanted to a new location 
on the flank, the polarity of the limb that is generated is 
determined by the orientation of the graft (Saunders and 
Reuss, 1974). Within the developing limb bud, a special- 
ized region at the posterior margin of the bud, called the 
zone of polarizing activity (ZPA), is believed to be responsi- 
ble for the normal specification of pattern along the ante- 
rior-posterior axis of the limb bud. Transplantation of mes- 
enchyme from this region to th e anterior border of a second 
limb bud results in mirror-image duplication of the limb 
along the anterior-posterior axis, a property called polariz- 
ing activity (Saunders and Gasseling, 1968). Sonic hedge- 
hog, a secreted protein, has been identified as the likely 
mediator of polarizing activity within the limb bud, as its 
domain of expression colocalizes within the limb bud with 
the ZPA and because it is sufficient to convey polarizing 
activity when misexpressed in the limb bud (Riddle et al., 
1993). Thus, the problem of initiating polarity within the 
limb bud can be reframed in terms of the requirement 
for specifying the location of the future ZPA within the 
presumptive limb mesoderm and for translating that posi- 
tional information into the stable expression of Sonic 
hedgehog in the posterior of the early limb bud. 
Interactions between the AER and the ZPA are critical 
for coordinating patterning and growth during limb devel- 
opment. FGF4, which is produced by the AER, is Capable 
of supporting a functional ZPA (Vogel and Tickle, 1993) 
by maintaining Sonic hedgehog expression (Niswander et 
al., 1994; Laufer et al., 1994). In a positive feedback loop, 
Sonic hedgehog protein, which is produced by the ZPA, 
can induce FGF4 within the AER (Niswander et al., 1994; 
Laufer et al., 1994). It now appears that inductive interac- 
tions between cells secreting FGFs and the ZPA are also 
the key to allowing the transfer of growth regulation from 
the flank to the limb bud itself during limb bud initiation. 
Growth Factors 
Cohn et al. (1995) now report the remarkable finding that 
a bead soaked in FGF1, FGF2, or FGF4 implanted in the 
presumptive flank of a chick embryo is capable of inducing 
the formation of a complete, morphologically normal imb. 
This result provides a possible molecular explanation for 
the earlier demonstration that grafts of otic vesicle can 
induce ectopic limbs in the flank of newt embryos (Balin- 
sky, 1925) since the otic vesicle is known to express FGF3, 
at least in the mouse (Wilkinson et al., 1989). These experi- 
ments suggest that an endogenous localized source of 
FGF from within the mesoderm of the flank may initiate 
the proliferation of the mesenchyme in normal limb devel- 
opment (Figure 1). 
The FGF-induced ectopic limb buds have a discrete po- 
larizing region expressing Sonic hedgehog, consistent 
with the known ability of FGF to maintain Sonic hedgehog 
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Figure 1. Model for the Induction of the Limb 
Bud 
(a) Hoxb-8 expression (horizontal ines), per- 
haps induced by retinoic acid (RA), defines 
ZPA-competent cells. 
(b) Localized FGF from the meeoderm induces 
mesenchymal proliferation (equals the prog- 
ress zone; shown as stippled) and Sonic hedge- 
hog expression in competent cells (equals the 
7'PA; shown in blue). 
(c) The progress zone induces the AER (shown 
in yellow and orange), and Sonic hedgehog activates expression of FGF4 (shown in orange) in the posterior AER. 
(d) FGF from the AER maintains the progress zone and Sonic hedgehog expression. 
(e) Sonic hedgehog from the ZPA and FGF from the AER act in concert to activate patterning gene expression (e.g., Hoxd-11; shown in red). 
Note that interactions hown may be indirect and that additional genes and gene products may be involved. 
expression. The ectopic limb buds also form an AER. This 
is consistent with the previous demonstration that flank 
ectoderm can form an AER in response to limb field mes- 
enchyme (Carrington and Fallon, 1984). However flank 
mesoderm will not normally support an AER (Zwilling, 
1964). Thus, along with inducing mesenchymal prolifera- 
tion, FGF must give flank cells the capacity to induce an 
AER. Once one has formed, it would be expected that 
Sonic hedgehog from the ectopic ZPA would induce FGF4 
expression within the AER. While this has not been dem- 
onstrated in the report by Cohn et al. (1995), it has pre- 
viously been shown that ectopic Sonic hedgehog expres- 
sion has this effect (Niswander et al., 1994; Laufer et al., 
1994). This results in a transfer of the limb bud growth 
control from the flank to the AER of the limb bud itself. 
FGF from the AER and Sonic hedgehog from the ZPA 
subsequently interact o drive the continued outgrowth of 
the limb bud and additionally are both required in concert 
to activate downstream patterning genes (Laufer et al., 
1994). 
The anterior-posterior polarity of the FGF bead-induced 
ectopic limbs is reversed both in final morphology and in 
terms of gene expression within the developing bud. For 
example, Sonic hedgehog is expressed at the anterior mar- 
gin. Cohn et al. (1995) point out that this is consistent with 
the fact that polarizing activity in the flank of the embryo 
is graded, with a peak at the level of the presumptive wing 
ZPA and progressively less activity further posterior (Horn- 
bruch and Wolpert, 1991). This activity is normally dormant 
as the flank does not express Sonic hedgehog (Riddle et 
al., 1993), but the polarizing signal is apparently activated 
when transplanted under an AER and hence in proximity 
to a source of FGF. 
Ectopic buds have a localized domain of Sonic hedge- 
hog expression. While the FGF bead would presumably 
be capable of initially inducing Sonic hedgehog throughout 
the region of potential polarizing activity, Sonic hedgehog 
could either be induced first or at higher levels at the ante- 
rior of the ectopic limb bud, where the potential ZPA activ- 
ity is greatest. Hence, the positive feedback loop with the 
AER would first be established in the anterior, stably polar- 
izing the limb bud (Figure 2). 
Hox Genes 
How is the graded potential for polarizing activity in the 
flank specified? An important clue comes from a recent 
paper examining the effect of altering the expression of 
Hoxb-8 in the mouse (Charit~ et al., 1994). Hox proteins 
are reasonable candidates for components regulating po- 
larizing potential since they are known to be involved in 
specifying anterior-posterior differences in the developing 
embryo (for review see McGinnis and Krumlauf, 1992). 
Moreover, they are typically expressed in domains with 
sharp anterior boundaries and progressively weaker ex- 
pression posteriorly (Kessel and Gruss, 1991), consistent 
with the graded distribution of endogenous polarizing po- 
tential (Hornbruch and Wolpert, 1991). In the mouse em- 
bryo, Hoxb-8 is expressed with an anterior border at the 
level of the posterior portion of the forelimb bud. A 
transgenic mouse in which Hoxb-8 is expressed across 
the entire proximal region of the forelimb bud results in 
ectopic expression of Sonic hedgehog in the anterior of 
the limb bud and mirror-image duplications of the resultant 
limbs similar to those caused by ZPA implants (Charite et 
al., 1994). 
The duplicate domains of Sonic hedgehog expression 
can be explained by the observation that the ectopic ex- 
pression of Hoxb-8 intersects with the edge of the AER in 
two locations: at the anterior and posterior margins of the 
limb bud (Figure 2). If Hoxb-8 provides limb bud mesen- 
chyme with the competence to activate Sonic hedgehog, 
this would result in the ability to set up a second feedback 
loop with AER-derived FGFs and hence the establishment 
of a second ZPA. 
It is by no means certain that Hoxb-8 plays such a role 
endogenously. For example, different Hox genes are 
known to share the same target DNA-binding sites in vitro, 
and paralogous Hox genes from different clusters Often 
share similar expression domains (McGinnis and Krum- 
lauf, 1992). Thus, the misexpression of Hoxb-8 could be 
mimicking the activity of a different Hox gene. Moreover, 
even if Hoxb-8 is responsible for setting the level of the 
ZPA in the forelimb, the anterior expression boundary of 
a different Hox gene would have to be responsible for 
providing polarizing potential in the hindlimb bud. 
Retinoids 
If the expression of Hoxb-8 (or another Hox gene) is neces- 
sary to provide competence to express Sonic hedgehog, 





Figure 2. Experimental Induction of the Limb Bud 
(a) In normal limbs, mesenchymal Hoxb-S (stippled) defines the region 
that is competent to express Sonic hedgehog (shown in blue). Local- 
ized FGF initiates mesenchyrne proliferation and activates Sonic 
hedgehog in competent cells. This sets up a positive feedback loop 
between the ZPA and the newly formed AER (shown in orange and 
yellow). For details see Figure 1. 
(b) FGF bead implant induces ectopic mesenchymal proliferation. The 
region of greatest ZPA competence first activates Sonic hedgehog 
expression and establishes a positive feedback loop with the AER. 
This results in reversed anterior-posterior polarity in the ectopic bud. 
(c) Transgenic Hoxb-8 expression across the proximal limb bud makes 
the entire bud competent to express Sonic hedgehog. However, 
Hoxb-8 cells are only adjacent o the AER at the anterior and posterior. 
Only there are the requisite feedback loops established, resulting in 
stable Sonic hedgehog expression and a mirror-image symmetric limb. 
(d) Retinoic acid (RA) bead implant also results in a mirror-image sym- 
metric limb. Retinoic acid is proposed to induce xpression of Hoxb-8, 
resulting in a second region competent to express Sonic hedgehog. 
An ectopic positive feedback loop is established, resulting in stable 
Sonic hedgehog expression. 
effect of retinoic acid on limb buds. When a source of 
retinoic acid is placed in the anterior of a limb bud, it causes 
mirror-image duplications similar to those observed in a 
ZPA transplant (Tickle et al., 1982; Summerbell, 1983). 
This is achieved by inducing an ectopic ZPA adjacent to 
the retinoic acid-containing bead (Wanek et al., 1991), 
although it remains controversial whether this is always 
necessarily the case (Helms et al., 1994). The retinoic 
acid-induced expression of Sonic hedgehog is limited to 
the region next to the AER and does not extend around the 
bead (Riddle et al., 1993). Presumably this reflects the 
requirement for FGF from the AER to maintain Sonic 
hedgehog expression. 
Hox genes of paralog groups 1-8, including Hoxt~8, are 
known to be inducible by retinoic acid in vitro (Mavilio et 
al., 1988). Moreover, retinoic acid has been shown to have 
an inductive effect in vivo on at least one Hox gene of this 
set: insertion of a retinoic acid bead in the anterior of a 
limb bud induces expression of Hoxc-6 in the mesenchyme 
all around the bead (Oliver et al., 1990). 
Assuming that Hoxb-8 is similarly induced, an ectopic 
domain of potential polarizing activity would be created 
around the bead. Sonic hedgehog expression would then 
be activated within this region by FGFs from the AER in 
a manner analogous to the ectopic activation of Sonic 
hedgehog in Hoxb-8 transgenic mice (Figure 2). This pro- 
cess may be facilitated by the ability of retinoic acid addi- 
tionally to induce FGF4 in the neighboring AER, indepen- 
dent of the action of Sonic hedgehog (Niswander et al., 
1994). While the induction of Hoxb-8 provides a potential 
explanation for the pharmacological ability of exogenous 
retinoic acid to induce limb duplications, it remains unclear 
whether retinoic acid normally plays a role in initiating limb 
bud polarity. 
The Molecular Basis for Limb Induction 
The induction of a proliferating limb bud and the formation 
of the functional ZPA and AER, required to drive continued 
outgrowth and patterning, can be explained in the frame- 
work of a source of FGF in the flank, acting on mesoderm 
that has an inherently graded potential for polarizing activ- 
ity encoded in Hox gene expression. Needless to say, the 
regulation of limb induction is likely to be more complex 
than outlined here, and none of the interactions described 
need be direct. One must be especially cautious in this 
regard since the current information comes exclusively 
from misexpression and ectopic application experiments. 
An important remaining problem is to identify the mem- 
bers of the FGF and Hox families that act endogenously 
in limb induction. FGF8 is a candidate for the former, since 
it is expressed during the earliest stages of limb bud forma- 
tion (Ohuchi et al., 1994; Crossley and Martin, 1995), and 
Hoxb-8 remains a candidate for the latter in the forelimb. 
Attention must also be turned further upstream, to the 
source of endogenous FGF within the flank and to the 
regulation of its localization to the presumptive limb field. 
Cohn et al. (1995) speculate that axial Hox expression may 
play a role in this as well. It is also important o determine 
the mechanism by which the anterior-posterior domain of 
Hoxb-8 expression in the flank mesoderm is defined and 
whether retinoic acid plays a role. Ectopic retinoic acid 
treatment shifts the mesodermal expression domain of 
Hoxc-8 (previously known as Hox-3.1), a paralog of Hoxb-8 
(Kessel and Gruss, 1991). Moreover, endogenous retinoic 
acid has been shown to regulate Hox gene expression in 
the developing hindbrain (Marshall et al., 1994), but it is 
only one of several factors affecting Hox boundaries there, 
which is likely to be true also along the flank. 
Another aspect of limb development hat may be regu- 
lated by Hox proteins is the formation of forelimbs as op- 
posed to hindlimbs. This specificity is present within the 
mesenchyme prior to limb bud formation (Harrison, 1918) 
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and appears to be discrete since FGF-induced ectopic 
limbs are, in general, either forelimbs (anteriorly placed 
beads) or hindlimbs (posteriorly placed beads) and rarely 
chimeras between the two (Cohn et al., 1995). 
Finally, the identity of one factor referred to in this discus- 
sion remains to be elucidated: the signal from the prolifer- 
ating mesenchyme that induces the formation of the AER. 
This factor could be Sonic hedgehog, acting at a lower 
concentration, and hence longer range, than that which 
activates FGF4 expression within the AER, or it could be 
some unknown signal. In either case, this factor must act 
in the context of dorsal-ventral  differences within the ecto- 
derm since the elongated epithelial cells that make up the 
AER are found only at the margin between the dorsal and 
ventral surfaces and not throughout the limb ectoderm. 
At the pace at which the limb field has been moving, 
we will not have to wait long for the answers to these 
questions. 
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